Two-dimensional Finite Element Method simulations, which involve consideration of the nonlinearity of a material, have been conducted to gain understanding about the rigid-rigid polymer toughening concept we proposed. The simulation results for the plane stress condition indicate that as long as the inclusion phase possesses i) a 60% difference in the tangent modulus from that of the matrix at any given strain level prior to failure or ii) smaller yield or craze stain than the yield strain of the matrix, then, localized shear yielding will occur around the inclusion. A toughened rigid-rigid polymer alloy system can then be obtained. The plain strain case is also discussed with an implementation of the rigid-rigid polymer toughening concept.
INTRODUCTION
he beneficial combination of a wider range of T applications, higher production rates, and improved mechanical and physical properties has led to the development of a new generation of engineering polymers, i.e., rigid-rigid' polymer alloys. Acrylonitrile-butadiene-styrene/polycarbonate (ABS/PC),t polyamide 6,6/polyphenylene oxide (PA/PPO), PC/ABS, polyamide 6/ABS, and polybutylene terephthalate/polycarbonate (PBT/PC) are typical examples of these alloys. All of these alloys are commercially available. Among them, for example, the PA/PPO alloy possesses combinations of good solvent resistance, high strength and high modulus, low creep and post-mold shrinkage, wide processing window, outstanding dimensional stability at high temperature (2OO0C), and high impact strength at low temperatures (-40°C). These properties cannot be obtained from the individual PA or PPO homopolymers alone. However, the process by which polymer pairs are selected for maximum toughness, as well as good yield strength, modulus, and creep resistance, remains an enigma.
The recent introduction of the rigid-rigid polymer toughening concept (1 -5) for structural applications of polymeric materials (1 -19) . This rigid-rigid polymer toughening concept is, in fact, derived from the rubber toughening concept we previously proposed (20) . In short, the rigid-rigid polymer toughening concept suggests that as long as the second-phase rigid polymer can help i) relieve the triaxial tension in front of the crack tip and ii) generate numerous stress concentration sites around the crack tip sequentially, like in the case of rubber particles in the rubber toughened epoxy systems, then, a rigid polymer matrix can be toughened by the introduction of the second-phase rigid polymer.
Research on the micromechanics of two-phase metal and ceramic alloys has been extensively conducted in the last two decades (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) ). Yet, owing to the dissimilar deformation mechanisms between polymers and ceramics as well as metal materials, the application of metal and ceramic alloy toughening concepts directly to polymer alloy systems still awaits verification. In the field of polymers, research has been concentrated in either one-phase yielding behavior of polymers, or plastic deformations of polymers due to the presence of the inclusion phase, where the latter only deforms elastically (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) . In such cases, the rigid-rigid polymer toughening concept cannot be fully explored, i.e., the effect of stress concentration due to the anelastic and plastic deformations of the inclusion phase on the matrix phase is not realized. Thus, to examine the feasibility of the rigid-rigid polymer toughening concept, it is necessary that one studies the micromechanics of polymer yielding due to anelastic and plastic deformations of inclusions.
As mentioned earlier, there are many rigid-rigid polymer alloys available in the marketplace. These commercially available rigid-rigid polymer alloys were, however, made by trial and errors. No criteria or guidelines have been used in making these increasingly important polymer alloys. Computer simulations using the Finite Element Method (50) (FEM) is needed to predict the stress concentration effect due to the dispersed phase, given the nonlinear mechanical nature of polymers. There are several papers that have attempted to correlate results of computer simulations using the linear elastic assumptions with experimental results (45-49) on the yielding behavior of polymers. These correlations may not only be inappropriate but could also be very misleading. Moreover, as pointed out earlier, there has never been any attempt to study the u-6 field of a polymer alloy system when the inclusion phase undergoes anelastic and plastic deformations. It is, therefore, worthwhile to verify these interesting aspects in the nonlinear case. The current research is meant to gain insights about the feasibility of the rigid-rigid polymer toughening concept and look into the practicality of FEM simulations on the nonlinear behaviors of polymers.
We have previously studied the deformation behavior of a polycarbonate plate with a circular hole both experimentally and numerically, using 2-D FEM nonlinear material property simulations (5 1). The 2-D FEM results correlate extremely well with the experimental observations. Given the confidence obtained from the previous work, various combinations of polymer pairs were studied using 2-D FEM in the present paper. These rigid-rigid polymer pairs are listed in Table 1 . The 2-D FEM simulation results do provide useful insights for the selection of toughened rigid-rigid polymer pairs. In addition, in cases where the plane strain condition prevails, the rigid-rigid polymer toughening concept is incorporated for the selection of toughened rigidrigid polymer pairs.
MODELING USING 2-D FEM
The detail of the 2-D FEM modeling can be found from the previous paper (51) . Only a brief description of the modeling procedure is given here.
The 2-D FEM simulation is carried out using the MSC/NASTRAN FEM package (64A, 1985 version).
Many assumptions have been made in this work: i) isotropy of the matrix and the inclusion phases; ii) cylindrical dispersed phase with the cylinder axis perpendicular to the plane of the model; iii) perfect adhesion between the phases: iv) no interaction between dispersed inclusions: v) negligible thermal stress at the interface; vi) piecewise linear stressstrain curve (Fig. 1) ; vii) time independent deformation.Fflrthermore, the von Mises yielding criterion is used to determine the onset of the yielding of polymers.
The FEM model is subjected to a far field tensile stress. In the third (thickness) direction, a thin (a, = 0) plate is assumed (See Fig. 2) . i.e., under plane stress condition. A rather simple but effective FEM mesh was generated using the PATRAN package (Fig. 3 ) . It is found that this simplified FEM mesh is sufficient for the present purpose. The deformation of many rigid-rigid polymer pairs were simulated in these computer experiments (see Table 1 ).
RESULTS
In this study, owing to the nature of the 2-D FEM simulations, the results are only relevant for the plane stress condition. The FEM results cannot be used to relate to the material behavior in front of a sharp crack tip, where the plane strain condition prevails. The rigid-rigid polymer toughening concept, as pointed out earlier, has to be incorporated to modify the FEM results.
In order to determine what criteria should be used for obtaining a toughened rigid-rigid polymer alloy, six model rigid-rigid polymer pairs, along with PC/glass, PC/hole, and PC/rubber (Table 1 ) are simulated using 2-D FEM. The PC/glass, PC/hole, and PC/rubber systems were studied to check the validity of the 2-D FEM simulations. The simulation results on these three systems agree well with the experimental observations conducted by others (43-45, 52) on the locations where the shear bands initiate and grow along the interface. These good correlations along with the PC/hole experiments ( 5 1) provide confidence in the 2-D FEM simulated results of the selected rigid-rigid polymer alloys (See Table   I ) to be presented below.
Among all the rigid-rigid polymer pairs being studied, it is found that two particular systems,
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where the matrix and the inclusion phases Possess unique combinations of a+ behaviors, are highly significant. These are: 1) poly(ether imide)/polycarbonate (PEI/PC) and 2) poly(ether imide)/PolYstyrene (PEI/PS). The above two systems become effective only when the yielding or crazing stresses between the matrix and the inclusion are comparable, i.e., within a factor of three (see the discussion section below). Under such conditions, these two kinds of rigid-rigid polymer pairs are found to be effective in triggering localized shear banding under the plane stress condition.
The PEI/PC System
In this model, a PC inclusion is embedded into a PEI matrix and loaded under tension. The PEI/PC system typifies a system where the inclusion phase, i.e., PC, possesses a more pronounced anelastic response as well as a smaller yield strain than those of the matrix. The a-E curves of these two polymers, idealized from experimental true stress true strain behavior as piecewise continuous curves, are shown in Fig. 4 . These curves show that the two polymers have similar elastic moduli ( = 40% difference) but PEI possesses a rather high yield stress value. When the system is tested under tension, as shown in Fig.  5 , the anelastic and plastic deformations of the PC inclusion do alter the octahedral shear stress ( T~,~) concentration of the matrix around the inclusion at various strain levels. In the linear elastic regime, the stress concentration build-up is too small to cause localized yielding in the PEI matrix, i.e., the stress concentration is low before the anelastic deformation and yielding of the PC inclusion takes place. Upon the anelastic deformation of PC, the stress Concentration in the PEI matrix begins to build up. If the stress concentration factor multiplied by the applied far field stress is higher than the yield stress of PEI, then, the localized matrix shear yielding will occur at the PEI/PC interface. On the other hand, if the yield stress of the matrix is still too high, no plastic deformation will take place. However, when the PC inclusion begins to shear yield upon further loading, an abrupt increase of stress concentration factor in the PEI matrix toward that of the rubber particle (ca. three) (4) can be reached. This is because the tangent (or instantaneous) modulus of the yielding PC inclusion is approaching zero. At this point, the PEI matrix begins to undergo localized shear yielding in the vicinity of the PC particle, i.e., the true tensile yield stress* of PC (75 MPa) (53) multiplied by the stress concentration factor (i.e., three) is greater than the tensile yield stress of PEI (ca. 139 MPa). When the localized yielding of PEI takes place, a significant increase in toughness of the system may ensue. The constant T~~~ contours obtained using the 2-D FEM simulation process are given in Fig. 6 . Figure  6 shows the constant T~~~ contour plots of PEI/PC at various applied tensile stages. In the elastic regime, the maximum 70ct is located at the equatorial region and the T,,~ stress concentration is ca. 1.2. When the PC inclusion begins to undergo anelastic deformation, the 70ct rises to about 1.3. When the shear yielding of PC inclusion occurs, the T~~~ stress concentration increases abruptly.+ As soon as the PEI matrix begins to shear yield, the location of the maximum T~~~ shifts upward from the equatorial region, similar to the case demonstrated in the PC/hole system (51) .
On the other hand, if the inclusion phase has a similar anelastic deformation but with a larger yield strain than the matrix, as in the case of the PC (matrix) and PA (inclusion) system, the inclusion PEI/PC Applied Stress, MPa matrix undergoes large deformation. Under such a condition, the inclusion phase acts like a rigid particle and may cause brittle failure rather than widespread localized yielding of the matrix. As a result, the toughening effect would be expected to be limited.
The PEI/PS System
The second case for effective toughening is one where the inclusion possesses a smaller crazing strain than the yielding strain of the matrix, e.g., the PEI/PS system. The piecewise linear u-e curves of PEI and PS are shown in Fig. 7 . PEI and PS have approximately the same elastic constants but the inclusion PS phase has a smaller crazing strain than the yielding strain of the PEI matrix under uniaxial tension. The roct concentration due to the formation of crazes in pS in the PEI matrix system is shown in Fig. 8 . When the alloy is subjected to tension, the stress concentration factor is initially = 1. As the externally applied stress reaches the crazing stress of the PS inclusion, the PS begins to undergo crazing and subsequently fractures. Hence, the stress concentration factor around the interface changes from = 1 and approached = 3, when the PS inclusion can no longer bear any load (4, 54) . Therefore, the crazing of PS causes a localized stress concentration and may cause the localized shear yielding of the PEI matrix, if the crazing process does not trigger the cracking of the matrix at the interface. The toughness of the system may therefore be greatly increased.
The T~~~ contours of PEI/PS during the simulation process are given in Fig. 9 . In Fig. 9 , various contour plots were obtained at corresponding stages of applied tensile stress. In the elastic regime, the maximum rOCt is located approximately at the 45" region along the interface and the roct stress concentration factor here is = 1. When the PS inclusion begins to undergo crazing, the rOct stress concentration increases abruptly. Also, the location of maximum rOct shifts to the equatorial region. The instant shift of the roct to the equatorial region is a result of the fact that the PS inclusion becomes more compliant than the PEI matrix.
The crazing strain for PS microspheres inside the PEI matrix may be far greater than the crazing strain measured in the bulk sample because of the lower probability of finding flaws in the PS microsphere. Furthermore, it is not known whether the crazes formed in the PS inclusion are effective in triggering the surrounding matrix to shear yield. By letting the crazing strain of PS microspheres be smaller than the yield strain of the surrounding PEI, and by assuming that the formation of crazes inside the PS microspheres does relieve the triaxial tension 
in (a); when the PS inclusion has a local stress state which exceeds the crazing stress, the PS inclusion becomes more compliant than the PEI matrix and causes the maximum rOCt shifts to the equatorial region, as shown in (bl; the load is further increased, the rOCt concentration intensi3es and eventually reaches to that of a hole case when the PS inclusion can no longer bear the load, as shown in (c).
Note that only part of the mesh is shown.
(in the case of plane strain condition), and therefore, can activate localized shear bands in the matrix, then, this type of polymer pair may be ideal for attaining the rigid-rigid polymer toughening, since, effectively, the PS does not create any stress concentration until crazing of the PS inclusion takes place. Thus, all the mechanical properties of the matrix polymer can be retained while benefitting from an increased toughness value.
DISCUSSION
The PEI/PC and PEI/PS model systems described above are meant to demonstrate the feasibility of the rigid-rigid polymer concept. If a quantitative mechanical model is to be established, a more detailed analysis has to be followed. The present work will qualitatively discuss the mechanical conditions for which a rigid polymer can be toughened by another rigid polymer.
The results of the 2-D FEM simulation is based on the modeling of a cylindrical inclusion embedded in a thin plate under uniaxial tension. Under such a condition, when the embedded cylindrical inclusion is a rubber particle or a hole, the stress concentration factor is about three (4, 54) . In contrast, a stress concentration factor of only about two can be reached for that of a spherical rubber particle or a hole embedded in an infinitely thick plate (55). I t is also found that the effects of anelastic and plastic deformations of an inclusion in initiating localized yielding of matrix between a cylindrical inclusion embedded in a thin plate and a spherical inclusion embedded in an infinitely thick plate qualitatively agree with each other (4, 5, 43, 45) . Thus, it is conceivable that the knowledge learned from the 2-9 FEM results is directly applicable to the case where a spherical inclusion is embedded in an infinitely thick plate, if the difference in the induced stress concentration factors between the two conditions is taken into account. Furthermore, since, in reality, the inclusion phase of the multi-phase polymer alloy is approximately spherical, and the size of the inclusion is far smaller than the thickness of the test specimen, it is practical to discuss the present subject using the boundary condition where a spherical inclusion is embedded in an infinitely thick plate. Hereafter, a stress concentration factor of two, instead of three, will be used to describe the effect of yielding and fracture of an inclusion in a continuum matrix.
Based on the present study (plane stress condition) and by assuming that interfacial adhesion and the toughener phase morphology are ideal, three criteria can be established for ensuring a toughened rigid-rigid polymer alloy (the von Mises criterion is assumed):
Et, 5 1.6 * E t , rn or (if the inclusion behaves elastically or anelastically before matrix yielding) (if the inclusion tends to shear yield)
( 3 )
(if the inclusion tends to craze or microcrack) where E, is the tangent modulus; S , is the octahedral shear strain concentration factor; yy and yb denote the octahedral shear yielding strain and brittle strain; the subscripts " i " and "m" denote the inclusion and the matrix, respectively. The significance of the above three criteria is discussed below.
When only the effect of relative tangent moduli of polymer pairs is considered, i.e., criterion (1). Goodier's elastic closed-form solutions (55) can be used. Numerical simulation is not needed. (In this case, the inclusion is spherical and is embedded in an infinitely thick plate.) In order for localized plane strain shear bands to form inside the material, a stress concentration factor of 1.15 has to be reached (38) . Hence, based on Goodier's solutions, so long as the tangent modulus (i.e., the slope of its u-E curve at a given strain state) of the inclusion is ca. 60% higher or lower than that of the matrix, a sufficient stress concentration will arise and trigger localized shear deformation (see Fig. 10 ) in a uniaxial or biaxial tensile stress field. It is noted that in stress states where the hydrostatic mean stress is small, the effect of poisson's ratio differences between the inclusion and the matrix on the stress concentration is found to be minor. Only when the poisson's ratio approaches .0.5 does the stress concentration effect become magnified. Therefore, only tangent moduli are considered here for rigid-rigid polymer toughening in plane stress.
It should be further emphasized that the above criterion is focused on the relative tangent moduli difference, instead of the commonly utilized Young's moduli, between the matrix and inclusion at any given strain level before matrix failure occurs.
Criterion (1) is supported by a recent work on the epoxy/PPO system conducted by Pearson and Yee (56) . The stress-strain-dilatation behavior of epoxy, PPO, and epoxy/PPO are shown in Fig. 1 1 . The initial stress concentration factor at low strain level is small, ca. one. Hence, if only the elastic behavior of the polymers is considered, localized shear banding cannot occur, due to the low stress concentration factor. On the other hand, if the tangent moduli of the u-6 curve is considered, at = 0.5% strain level, the tangent moduli between the two polymers begin to differ. Consequently, the stress concentration at H. J. Sue, R . A. Pearson, and A. F. Yee the epoxy/PPO interface builds up. When the longitudinal strain approaches about 3.5%, the tangent moduli differ substantially. Localized shear banding takes place (Fig. 12) . Collection of these massive localized shear bands in the matrix eventually causes the bulk specimen to form an inclined shear neck. The u-E curve thus bends over (Fig. 11) . In the case of blunt-notch fracture using the double-notch four-point-bend specimen (DN-4PB) (57) of epoxy/PPO system, Pearson and Yee also showed that massive shear banding occurs at the notch tip without any addition of rubber particles (Fig. 13) .
The above experiments indicate that in rigid-rigid polymer toughening, when the sample experiences a uniaxial or biaxial tensile stress field, cavitational processes, such as internal cavitation in rubber particles, crazing, debonding, or microcracking, are not needed for triggering localized shear banding. In addition, the elastic Young's modulus seem not to be important. Instead, the tangent modulus at a given strain level before matrix failure occurs appears to be critical for plane stress rigid-rigid polymer toughening.
Nevertheless, if the sample is thick and has a sharp crack in it, when tested under mode-I fracture, the triaxial tension in front of the crack tip has to be relieved in order to activate the shear yielding process, even if the above conditions are met. As shown in Fig. 14 , when a sharp crack is introduced in the epoxy/PPO system and tested under DN-4PB condition, only the microcracking type of feature is found at the plane strain region (at the center of the specimen). The above statement also found support from experiments on the PA/PPO system both in the plane stress and plane strain regions (58) .
When the conditions described in criterion (1) are not met (e.g., the PEI/PC and PEI/PS systems), then, the condition described by criterion (2) or (3) have to be met for enhancing localized plasticity. Criterion (2) states that if the resultant yield strain (i.e., yy,i. Sr,,,) of the inclusion is smaller than that of the matrix, then, the inclusion will shear yield first and generate a high stress concentration factor (ca. two) close to that of the rubber particle case at the interface between the matrix and the inclusion. Consequently, localized shear banding at the matrix phase is induced. In other words, the competition between the matrix and the inclusion for an early yielding is governed by not only the yield strains of the two phases, but also the strain amplification due to their counterparts.
Criterion (2) does find support from the work conducted by Sue and Yee on the PA/PPO system (59) . The resultant yield strain of rubber-modified PPO is about 18% ( 9 % . 2 = 18%), while that of the moisture equilibrated PA is 2 25%. As a result, the PPO undergoes shear yielding first, which causes the stress concentration to build up abruptly, followed by the shear yielding of the PA matrix. The PA/PPO alloy is thus toughened.
For criterion (3), the postulate we proposed has not been verified. However, it is intuitive that if crazing or microcracking of the inclusion takes place earlier than the failure of the matrix, potentially the stress concentration build-up should be similar to that of the 2-D FEM prediction. It is also intuitive to the authors that if debonding at the matrix and inclusion occurs at an appropriate moment, the stress concentration factor can also rise to about two (4) . As a result, toughening of the rigid-rigid polymer alloy system can be achieved. Again, it is important to re-emphasize that the above discussions only hold for uniaxial and biaxial tensile stress conditions.
The criteria for the selection of toughened rigidrigid polymer alloys obtained in this study also find support from other experimental investigations (8, 9) . In cases where the specimens are tested under plane stress conditions, i.e., either uniaxially and biaxially, the 2-D FEM simulation results need not be modified. The experimental works on PC/PSAN (9) and PC/PMMA IS), which support the criteria proposed in this study, have found these alloys to be tougher than PC.
For the plane strain condition, e.g., in front of the crack tip, even if the polymer pairs meet the criteria suggested in this study, the triaxial tension still has to be relieved prior to the formation of localized shear yielding. Experimental work (59) conducted on PA/PPO* supports this point. The elastomeric phase inside the PPO particles initiates numerous crazes in front of the crack tip, when the specimen is loaded. These crazes propagate from the PPO particles into the PA matrix. The triaxial tension in front of the crack tip is therefore relieved due to the *PA has a higher yield strain than the yield (craze] strain of rubber-modified PPO.
formation of these crazes. A s a result, the PPO particles undergo shear yielding and cause the surrounding PA matrix to shear yield. The PA/PPO alloy is thus toughened.
The 2-D FEM results on the PEI/PC and PEI/PS systems are likely to be valid. However, the 2-D FEM simulation work does not take the triaxial tension effect into account. Based on the rigid-rigid polymer toughening concept mentioned earlier, to trigger shear yielding in either inclusion or matrix polymers, the triaxial tension has to be relieved. Therefore, localized shear yielding'in PEI/PC and PEI/PS systems may not occur until the relief of the triaxial tension happens. If &he craze formation of the PS inclusion is sufficient to relieve the triaxial tension, the 2-I) FEM results on the PEI/PS system may still hold.
In the case of the PEI/PC system, if the triaxial tension is not relieved, the PC inclusion cannot yield under the constrained condition. Nevertheless, upon debonding at the interface or cavitation of a thirdphase elastomer taking place inside the PC inclusion, the PC inclusion can still yield to cause an abrupt increase in stress concentration around the PEI matrix, and thus, widespread shear banding may occur and toughen the matrix.
The present work is meant to gain some preliminary understanding and insight for the selection of rigid-rigid polymer pairs. The simulation procedures conducted in this study involve many rather simplified assumptions. The outcome of the 2-D FEM results should therefore be treated with some caution. Nevertheless, the simulation results appear to be physically sound and have gained support from various experimental investigations. A s a result, the criteria for the selection of toughened rigid-rigid polymer alloys are likely to be qualitatively correct for plane stress conditions.
CONCLUSION
Two-dimensional FEM simulations, which involve consideration of the nonlinear behavior of a rnaterial, have been conducted on some two-phase polymer alloy systems. The results suggest that if the rigid toughener phase polymers possess either 1) 60% higher or lower elastic modulus (under uniaxial tension) compared with the matrix, or 2) smaller yield (or crazing) strain than, but comparable yielding stress to, the matrix, then a sufficient stress concentration around the toughener phase will arise and cause the matrix to undergo localized shear deformation. However, the above statements will not be valid if the specimen is under the plane strain condition. In this case, the triaxial tension still has to be relieved prior to the formation of localized shear bands. The current study further supports the rigid-rigid polymer toughening concept we proposed.
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